Background: Disrupted gait has been associated with an increased risk of frailty, disability, and death, but the causal molecular pathways are not well understood. Sphingolipids, including ceramides, are associated with multiple age-related diseases. Ceramides promote atrophy, necrosis, and proteolysis in cellular and animal models, and ceramide C16:0 levels are negatively correlated with muscle mass in men. However, there is a paucity of evidence examining sphingolipids and physical function. Methods: We examined the cross-sectional association between plasma ceramides, sphingosine-1-phosphate (S1P), and ceramide/S1P ratios and gait, a robust measure of physical function, in 340 clinically normal participants aged 70 years and older enrolled in the Mayo Clinic Study of Aging. GAITRite® instrumentation was used to measure gait speed, cadence, step width, double support time, and intra-individual stride time variability. Based on previous studies, we hypothesized that higher plasma levels of ceramide C16:0 would be associated with worse gait. Results: Multivariable adjusted linear regression models revealed that higher levels of ceramide C16:0 were associated with slower gait speed, decreased cadence, and increased double support time. Conclusions: These results suggest an association between plasma ceramide C16:0 and physical function. Longitudinal studies are needed to determine whether elevated ceramide C16:0 can be utilized as a prognostic marker for functional decline.
Both ceramides and S1P have been associated with skeletal muscle mass and performance. In skeletal muscle cells and animal models, ceramide accumulation decreases lean mass and muscle strength (10, 11) . In contrast, S1P enhances muscle contractility, fiber growth, regeneration, and adaptation (12) . Moreover, very long chain length ceramides may increase white matter decline (13) , thus leading to disrupted gait (14) . However, the relationship between sphingolipids and gait has not been extensively examined.
We examined the cross-sectional association between plasma ceramides and S1P with gait among clinically normal (CN) individuals enrolled in the Mayo Clinic Study of Aging (MCSA). Based on previous research identifying specificity of circulating carbon chain length (C) 16:0-ceramide with lower muscle mass in younger and older men (11), we initially focused on ceramide C16:0, S1P, and the ceramide C16:0/S1P ratio. However, we also explored the association between other ceramide chain lengths and gait. Inflammatory markers have also been previously associated with poorer physical function and disability in older adults (15) , thus we additionally examined the association between plasma levels of tumor necrosis factor alpha (TNFα) and gait parameters. Lastly, because TNFα can activate sphingomyelinase to increase ceramide levels (16) (17) (18) , we also examined TNFα as a mediator or modifier in the relationship between ceramide and gait.
Methods

Study Design and Setting
The MCSA is a prospective population-based cohort study designed to assess the incidence and prevalence of mild cognitive impairment (MCI) in Olmsted County, MN. The study began in 2004, when Olmsted County residents between the ages of 70 and 89 were identified for recruitment using an age-and sex-stratified random sampling design to ensure that men and women were equally represented in each 10-year age strata (19) .
Participants
The present study included 340 CN participants with complete plasma sphingolipid measures and gait parameters. Participants with a history of stroke, alcoholism, Parkinson's disease, subdural hematoma, traumatic brain injury, or normal pressure hydrocephalus were excluded from analyses. The study protocols were approved by the Mayo Clinic and Olmsted Medical Center Institutional Review Boards. All participants provided written informed consent.
Gait Measures
GAITRite® instrumentation (CIR systems Inc. Havertown, PA) was used to assess gait parameters (20) . GAITRite® is an electronic walkway 5.6 m in length and 0.9 m wide. Each subject completed two walks and was instructed to walk at their normal pace without gait aids on the walkway, initiating and terminating their walk 1 m before and after the walkway. Details on GAITRite® analysis are reported elsewhere (20) . Hollman and colleagues (20) identified five domains of gait-pace, rhythm, phase, variability, and base of support. In this study, we examined the association between sphingolipid levels and gait parameters in each of those domains. We assessed participant's gait speed (m/s) (pace); cadence (rhythm), which is the rate of walking (steps per minute); step width (base of support), which is the distance (cm) between the midpoint of the current footprint to the midpoint of the previous footprint of the opposite foot; double support time (phase), which is the amount of time (seconds) both feet are on the walking surface between steps, expressed as a percentage of gait cycle; and intraindividual stride time variability, expressed as the standard deviation (SD) across multiple stride times, which is represented as the time (seconds) between the first contacts of two successive footfalls of the same foot. We created z-scores for each of the gait parameters to make them more directly comparable with each other.
Ceramide and Inflammatory Cytokine Analyses
During the in-clinic exam, participants' blood (serum and EDTA plasma) was collected. The blood was centrifuged, aliquoted, and stored at -80°C. LC/ESI/MS/MS analysis of ceramides and sphingolipids was performed using a AB Sciex quadrupole mass spectrometer 6500 (Sciex, Framingham, MA) equipped with an ESI probe and interfaced with the Agilent 1290 infinity LC system (Agilent, Palo Alto, CA). The UPLC system consisted of an Agilent 1290 binary pump, thermostat, TCC, and sampler. The injection volume was 10 μL for extracted sample. Sphingolipids were separated with a Poroshell 120 EC-C8 column, 2.1 × 50 mm, 2.7 µm (Agilent, Palo Alto, CA). Mobile phase A was water:methanol:formic acid:ammonium formate (45/55/0.5%/5 mM by v/v). Mobile phase B was acetonitrile:methanol:formic acid:ammonium formate (50/50/0.5%/5 mM by v/v). The valve, sample loop, and needle were washed with acetonitrile:methanol (50/50 by v/v) for 20 seconds. Mass spectrometric analyses were performed online using electrospray ionization tandem mass spectrometry in the positive mode.
Samples were prepared using Biomek FX (Beckman Coulter, Brea, CA). Small amount of plasma sample was added to a 2-mL 96-well plate. Internal standard mixture was added to the samples. Sphingolipids were extracted using 1 phase extraction with methanol-dichloromethane. Lipid levels were quantified by the ratio of analyte and internal standard and calibration curves obtained by serial dilution of a mixture of lipid standards. Pure synthetic standards of sphingolipids were purchased from Avanti Lipids. Isotope labeling synthetic standards were synthesized internally at Eli Lilly and Company. In our analyses, we examined levels of saturated C14:0-, 16:0-, 18:0-, 20:0-, 22:0-, 23:0-, and 24:0-ceramide, unsaturated C24:1-ceramide, and total ceramide; S1P; and the sphingolipid rheostat (ie, ceramide/S1P ratios).
TNFα high sensitivity is measured by a quantitative two-site enzyme immunoassay from R & D Systems (Minneapolis, MN). As determined by R&D Systems, intra-assay CVs are 8.8, 5.9, and 5.3% at 2.6, 7.2, and 14.0 pg/mL, respectively. Inter-assay CVs are 16.7, 12.6, and 10.8% at 2.4, 6.7, and 13.5 pg/mL, respectively.
Other Covariates
Demographics (eg, age, sex, and education) were recorded at the in-clinic interview. Participants' height (cm) and weight (kg) were measured during the in-clinic exam; these measures were used to calculate body mass index (BMI). Participants also completed the Beck Depression Inventory (BDI); participants were considered depressed if they had a score of ≥13 (21) . A medication inventory was taken at each examination and cross-checked with the medical record. Medical comorbidities (eg, diabetes and hypertension) and the Charlson comorbidity index (22) were ascertained by medical record abstraction using the medical records-linkage system of the Rochester Epidemiology Project (19, 23) .
Cognition Diagnosis
Cognitive status was based on consensus agreement between the study coordinator, examining physician, and neuropsychologist who evaluated the participant. The diagnosis considered education, prior occupation, visual or hearing deficits, informant interview, and all other participant clinical information (19) . Cognitive test performance in four domains (memory, executive function, language, and visual-spatial) and a global average of the four was compared with the age-adjusted scores of CN individuals previously obtained using Mayo's Older American Normative Studies (24) . This approach relies on prior normative work and extensive experience with the measurement of cognitive abilities in an independent sample of subjects from the same population. Individuals who performed in the normal range and did not meet criteria for MCI or dementia, which was diagnosed using Diagnostic and Statistical Manual of Mental Disorders, Fourth Addition (DSM-IV) criteria (25) , were deemed CN.
Statistical Analysis
We natural log-transformed sphingolipid and TNFα levels to create more normally distributed data. We used linear regression models to determine the cross-sectional association between log-transformed sphingolipid levels and z-scored continuous gait parameters. Model 1 was unadjusted. Model 2 adjusted for age and sex. Model 3 was adjusted for age, sex, years of education, depression, medical comorbidities, BMI, and number of medications. All analyses were completed using Stata versions 12.0 and 13.0 (Stata Corp, College Station, TX).
Results
Participant Characteristics
The study population consisted of 340 CN MCSA participants, aged 70-95, of whom 210 (61.8%) were men. Table 1 summarizes the main characteristics of the study participants. The number of comorbidities among participants was typical of this age group with a median (interquartile range, IQR) of 7 (5,9) and with a median number of medications of 8 (5,10). Seventy-five (22%) had a diagnosis of diabetes and 264 (78%) had a diagnosis of hypertension.
Plasma Ceramide C16:0, S1P, and the Ceramide C16:0/S1P Ratio and Gait
Higher levels of ceramide C16:0 were associated with slower gait speed, decreased cadence, and increased double support time in multivariable models (Table 2; Figure 1 ). For instance, in Model 3 a one log unit increase in C16:0 ceramide is associated with 1.07 reduction in z-scored gait speed (Table 2 ) or a one log unit increase in C16:0 ceramide is associated with 0.25 m/s decrease in gait speed (Figure 1 ). Higher levels of S1P were associated with better performance on most gait measures (gait speed, cadence, double support time, and stride time SD) adjusting for age and sex. However, the results were no longer significant after adjustment for variables in Model 3. The results for the ceramide C16:0/S1P ratio were similar to ceramide C16:0 with higher levels of the ratio associated with slower gait speed, decreased cadence, and increased double support time across the models.
TNFα and Gait
The relationship between log TNFα and gait was also examined with linear regression models. Higher levels of TNFα were associated with reduced strep width, greater double support time in Model 3, and reduced gait speed in univariate regression ( Table 2 
Relationship Between Other Plasma Ceramides and Gait
Because our previous results showed that ceramide C16:0 was as robustly associated with gait as the ceramide C16:0/S1P ratio, we focused only on the ceramide level in subsequent analyses. The relationship between ceramides of other carbon chain lengths and gait are shown in Table 3 . Overall, there were few associations. Higher levels of ceramides C14:0, C18:0, C20:0, and C24:1 were associated with longer double support time in multivariable regression models. Interestingly, higher levels of ceramide C24:0 were associated with faster gait speed and reduced intraindividual stride time variability in multivariable regression models.
Further Examination of Possible Mediators and Modifiers
Because evidence has suggested that TNFα and ceramide may interact to promote cell death leading to atrophy (26), we examined TNFα as an effect modifier of the association between plasma ceramides and gait. Plasma TNFα was not found to be a modifier or a confounder. We similarly investigated whether either sex or diabetes modified the association between sphingolipids and gait, but again found no evidence of effect modification. In sensitivity analyses, we investigated whether additionally adjusting for APOE genotype, cognitive test performance (global z-score), statin use, diabetes, and dyslipidemia impacted the association between sphingolipids and gait parameters, but found that they did not (results not shown). Finally, because gait speed is correlated with cadence (Spearman r = 0.58, p < .001), double support time (r = -0.69, p < .001), stride time SD (r = -0.47, p < .001), and step width (r = 0.88, p < .001), in models specifying these parameters as dependent variables we additionally adjusted for gait speed. In these analyses, the association between plasma ceramides and gait attenuated to non-significance. 
Discussion
In this cross-sectional study, we examined the association between sphingolipids and gait among CN participants aged 70 and older in the MCSA. Higher levels of plasma ceramide C16:0 and ceramide C16:0/ S1P, as compared to other carbon chain lengths, were most strongly associated with poorer performance across multiple gait parameters. The associations were even stronger after adjustment for multiple factors including comorbidities, suggesting an independent association between higher plasma ceramide C16:0 levels and disrupted gait. Our observed relationship between the C16:0 chain length and gait parameters is consistent with findings from a small sample of men (N = 19) which showed that intramuscular C16:0 ceramide levels were negatively correlated with lean leg mass, and positively correlated with fat mass and increased phosphorylation and concentration of NFκB, a pro-inflammatory transcription factor (11) . Together, these findings suggest that C16:0 ceramide levels may be associated with functional decline.
Our findings are supported by evidence from cellular and animal model studies, which suggest that ceramides are associated with muscle atrophy and decreased physical function. In cellular models, ceramides induce atrophy, proteolysis, and necrosis (27, 28) , and mimic the atrophic effects of TNFα. Conversely, S1P protected against these atrophic effects in myotubes and in a murine model of cachexia (27) . Moreover, evidence suggests that increases in long chain length ceramides (eg, C16:0, C18:0, C20:0) are anti-proliferative, compared to very long chain length ceramides (eg, C24:0, C24:1) (29, 30) . This may explain both our primary findings driven by C16:0 chain lengths, and our finding that higher levels of very long ceramide chain lengths appear to be associated with faster gait speed. Of note, very long chain length ceramides have also been associated with white matter microstructure decline (13) , which in turn has been associated with poorer gait performance (14) . This may be another potential mechanism linking sphingolipids and gait, and future research should investigate the association between sphingolipids, atrophy, cerebrovascular pathology, and gait.
This study has a number of strengths, including the large population-based sample and the multiple sphingolipid and gait measures. However, limitations of the study also warrant consideration. First, because this study is cross-sectional, directionality cannot be inferred. Future studies will need to examine the longitudinal relationship between ceramides and gait to determine whether ceramides either predict change in gait, or whether changes in ceramides coincide with changes in gait. Second, some individuals without a diagnosis of diabetes likely have insulin resistance, which we were not able to consider. Previous studies have shown that muscle ceramides enhance insulin resistance (31) , and that plasma ceramides are associated with insulin resistance (32) . Future research should determine whether the association between plasma ceramides and gait vary by severity of insulin resistance and diabetes. Third, Olmsted County, MN residents are largely of northern European ancestry, thus our findings may not be directly generalizable to other populations. Indeed, we previously reported higher ceramide levels in African Americans compared to Caucasians (6). However, this difference does not indicate that the relationship between ceramides and gait will differ by race. In this same study we showed that women had higher levels of ceramides than men; however, this difference has not been shown consistently (33) . In the current study, we did not find an interaction between sex and ceramides in relation to gait performance. Thus, higher ceramide levels in either sex may be equitably associated with disrupted gait, regardless of differences in absolute values. Fourth, because the sample used was relatively healthy, most participants had gait speeds greater than 1.0 m/s. Therefore we were unable to robustly estimate the association between ceramide, S1P, and inflammatory cytokines levels and risk of sarcopenia as defined by the International Working Group on Sarcopenia (34). Additionally, muscle performance data are not available in the MCSA, so we were unable to examine the association between plasma ceramide levels and muscle atrophy via a measure of muscle strength. Similarly, neuroimaging measures of white matter decline were not available, so we were unable to investigate whether white matter microstructure decline mediates the association between plasma sphingolipid levels and gait. Lastly, the association between cell-tissue-organ aging has been hypothesized to alter the plasma composition (35, 36) , but plasma ceramides may not be a direct indicator of intramuscular ceramides. Additional studies are needed to understand the mechanistic connection between plasma ceramides and tissues, and how plasma ceramides are associated with functional decline.
In conclusion, higher levels of plasma ceramide C16:0 are associated with poorer performance across multiple gait parameters. These results are not attenuated after adjusting for TNFα or comorbidities. Gait parameters are a strong proxy measure for functional decline and predicting disability, sarcopenia, frailty, and mortality. Therefore, the present results suggest that high levels of plasma ceramide C16:0 may be an indicator of functional decline. Longitudinal studies are needed to determine the directionality of the association between plasma ceramides and gait, and other measures of physical function, as well as how fluctuations in ceramide levels may impact gait over time.
Supplementary Material
Supplementary data is available at The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences online.
Funding
This work was supported by grants from the National Institutes of Health/ National Institute on Aging (R01 AG49704, U01 AG006786) and was made possible by the Rochester Epidemiology Project (R01 AG034676). 
